The effective operation of machinery in agricultural processes is crucial in terms of energy efficiency, economic consequences, and environmental footprint. The agricultural sector provides many opportunities to bring biomass to the market. An interesting option is to collect the branches after a regular pruning of apple orchards in the winter-spring season. As the harvesting of pruning residues in apple orchards for energy purposes demands additional primary energy, any measures that increase the amount of collected biomass are desirable. In this study, the influence of pruning harvesting using a baler with and without windrowers on pruning biomass yield, energy input and output flow, energy balance, CO 2 emission reduction, and costs of that operation in apple orchards was investigated. The performed analysis, based on the results from two apple orchards, revealed that the energy balance was positive for both variants. However, in comparison with the harvesting process without windrowers, the use of windrowers in these two orchards caused an increase in pruning biomass yield by 0.45 tDM·ha −1 per year (25%) and 0.54 tDM·ha −1 per year (33%), respectively. The energy balance increased up by ca. 0.8-1.0 GJ·ha −1 , although the fuel consumption by the tractor was higher. The use of windrowers did not significantly increase the costs, but resulted in remarkably better income from biomass selling (ca. €30-40 ha −1 ). Finally, the increase in the mass of harvested biomass led to a higher potential CO 2 emission reduction. As a result, pruning biomass is an attractive source of energy, especially for local markets.
Introduction
Concerns about climate change have increased interest in agricultural efficiency and energy usage. Modern agriculture requires energy input at all steps of agricultural production. Direct usages of energy include farm machinery, water management, irrigation, cultivation, or harvesting processes. Additional energy is required for food and waste processing, storage and in product transport to final consumers. The final energy consumption by the agricultural sector in EU-28 is ca. 2.2% [1] . However, agriculture is a disproportionately high contributor to climate change, adding 10% of total EU-28 greenhouse gas (GHG) emissions [2] . Agriculture, forestry, and fishery have the second highest GHG intensity factor (the ratio of greenhouse gas emissions to gross value added) in the EU-28. In 2014, this index was estimated to be 2.7 kg of CO 2 equivalents per euro [3] . Therefore, improvements in all stages of the logistic chain of agricultural activity are important in terms of energy savings, energy effectiveness, and reduction in the pollutants released to the atmosphere.
The agricultural sector is not only an energy consumer, it also has the potential to produce and supply energy to the market, especially in various forms of biomass. Because of its local availability, biomass can increase fuel security and reduce carbon dioxide emissions [4] . Biomass represents more of 84 kW. The machine working set was prepared to operate in two configurations: with and without windrowers ( Figure 1 Without the windrowers, the available collection width for pruned residues harvesting by the baler was limited to 1.75 m. With windrowers, however, the collection width for baler operation was 3.4 m. The windrowers were propelled hydraulically from the tractor system and their task was to improve the pruned biomass harvesting process ( Figure 2 ). This research focused only on the harvesting process in apple orchards. The boundary conditions applied during the energy balance analysis of the pruned biomass harvesting are shown in Figure 3 . Without the windrowers, the available collection width for pruned residues harvesting by the baler was limited to 1.75 m. With windrowers, however, the collection width for baler operation was 3.4 m. The windrowers were propelled hydraulically from the tractor system and their task was to improve the pruned biomass harvesting process ( Figure 2 ). Without the windrowers, the available collection width for pruned residues harvesting by the baler was limited to 1.75 m. With windrowers, however, the collection width for baler operation was 3.4 m. The windrowers were propelled hydraulically from the tractor system and their task was to improve the pruned biomass harvesting process ( Figure 2 ). This research focused only on the harvesting process in apple orchards. The boundary conditions applied during the energy balance analysis of the pruned biomass harvesting are shown in Figure 3 . This research focused only on the harvesting process in apple orchards. The boundary conditions applied during the energy balance analysis of the pruned biomass harvesting are shown in Figure 3 . 
Pruned Biomass Characterisation and Productivity
The moisture content was estimated in accordance with European Standard ISO 18134-1:2015 [18] . The caloric value of the harvested biomass was determined according to the European Standard ISO 18125:2017 [19] . Next, the lower heating value (LHV) was calculated as a function of the higher heating value (HHV) and moisture content in the biomass according to [20, 21] :
where HHV is the higher heating value (MJ·kg −1 ), MC is moisture content, and r is the latent heat of water vaporization (r = 2.44 MJ·kg −1 ). A detailed description of the measurements procedure and the obtained results during pruned biomass harvesting (pruning biomass yield, harvesting losses, fuel consumption) used in this analysis are presented in Dyjakon et al. [22] .
Energy Analysis
Energy analysis is related to the determination of commercial energy employed during the defined process to produce a service or good [23, 24] without considering renewable energy flows [25] . It considers the direct and indirect fossil energy flows. Direct energy (DE) includes the energy used during the production process (i.e., pruned biomass harvesting in the apple orchard). In turn, indirect energy (IDE) concerns the energy embedded in machines and tools that were used during the service performance or goods production [26, 27] . The DE index was calculated using following equation [28] :
where MF,L is a total fuel (F) or lubricant (L) consumption (in kg) by the machinery during pruned biomass harvesting, EF,L is its energetic value (51.50 MJ·kg −1 for diesel and 83.7 MJ·kg −1 for lubricants [29] ). The fuel consumption by the tractor during the experiment was estimated by weighing the mass of the canister with fuel with a hand scale prior to and after refilling the tractor's tank. In the case of lubricants, a value of 2% of the fuel consumption was applied [30] . Aligned with Canakci et al. [31] , the IDE index was determined using the formula:
where MM is the mass of machine in kg, EM is the energy used for machine production in MJ·kg −1 , tSLM is a total service life of the machine in years, tM is the assumed yearly use of the machine in the orchard in scheduled machine hours (SMH)·year −1 , and tOP is the cumulated SMH in the orchard to harvest the pruned biomass in SMH. 
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where M F,L is a total fuel (F) or lubricant (L) consumption (in kg) by the machinery during pruned biomass harvesting, E F,L is its energetic value (51.50 MJ·kg −1 for diesel and 83.7 MJ·kg −1 for lubricants [29] ). The fuel consumption by the tractor during the experiment was estimated by weighing the mass of the canister with fuel with a hand scale prior to and after refilling the tractor's tank. In the case of lubricants, a value of 2% of the fuel consumption was applied [30] . Aligned with Canakci et al. [31] , the IDE index was determined using the formula:
where M M is the mass of machine in kg, E M is the energy used for machine production in MJ·kg −1 , t SLM is a total service life of the machine in years, t M is the assumed yearly use of the machine in the orchard in scheduled machine hours (SMH)·year −1 , and t OP is the cumulated SMH in the orchard to harvest the pruned biomass in SMH. Consequently, the total energy input flow (EIF) being a sum of DE and IDE was calculated. Next, the energy intensity (EI), expressed in energy units per physical unit of good produced, was determined [32] :
where the pruning biomass (PB) yield is expressed in tons of harvested biomass (fresh mass, FM, or dry mass, DM) per hectare (tFM·ha −1 ; tDM·ha −1 ). The energy output flow (EOF) of the biomass harvested during the baling process with and without the windrowers was estimated according to the following formula [32] :
where MC FM is the moisture content in the fresh mass of harvested biomass, and LHV is the lower heating value of the pruned dry apple tree biomass (MJ·kg −1 ). Based on the data obtained, some other indices related to energy flow, such as the energy balance (EB) [33] , the energy return on investment (EROI) [32] , the energy input share (EIS) [34] , and the energy productivity (EP) [35] , were calculated using given equations:
Cost Analysis
The harvesting cost of pruned biomass with and without windrowers was calculated from the hourly machine costs used during these two operation variants in the apple orchard. The operation and maintenance (O&M) costs were updated at their current value and calculated according to Schulter et al. and Edwards [36, 37] . The annual scheduled machine hours (SMH) for the tractor and for the baler were assumed to be 1500 and 550 SMH, respectively ( Table 1 ). The retention values of the initial investments for a tractor was 20% and 28% for a baler. For both machines, a depreciation period of 10 years was considered. Considering the wages and taxes in the agricultural sector [32, 38] , labor costs of €19 h −1 was established, including obligatory health and social insurance. The assumed cost of fuel and lubricant was €1.25 and €5.0 dm −3 , respectively [39] . Finally, the overhead costs were estimated at 20% of the total operational cost [40, 41] . Considering an average price of €185 t −1 DM for dry firewood and €125 t −1 DM for dry wood chips [42, 43] , a sale price for pruned biomass bale of 90.0 €·t −1 DM was assumed. 
Results

Pruned Biomass Characterisation and Productivity
The calorimetric analysis and further calculations resulted in an LHV of 17.98 MJ·kg −1 DM (8.53 MJ·kg −1 FM, at moisture content MC = 46.30%) for biomass residues in Orchard 1, and an LHV of 18.12 MJ·kg −1 DM (9.02 MJ·kg −1 FM), at moisture content (MC) of 44.25% for Orchard 2.
The theoretical potential of pruning residues was 5.30 tFM·ha −1 in Orchard 1 and 4.90 tFM·ha −1 in Orchard 2 ( Table 2 ). The use of windrowers affected the pruning biomass yield. Without windrowers, the PB was 3.31 tFM·ha −1 and 2.89 tFM·ha −1 for Orchard 1 and Orchard 2, respectively. The harvesting process with use of the baler equipped with the windrowers led to a PB increase up to 4.15 tFM·ha −1 in Orchard 1 and 3.85 tFM·ha −1 in Orchard 2. The increase in the PB caused an increase in the harvesting time by the baler. The duration time of this process in Orchard 1 with windrowers operation was 1.32 SMH per hectare, in comparison to 1.09 SMH per hectare when the windrowers were turned off. Similar results were obtained in Orchard 2: the time required to harvest one hectare changed from 0.92 SMH·ha −1 to 1.18 SMH·ha −1 . 
Energy Analysis
The energetic data of the equipment employed in terms of fuels and lubricants consumed throughout the duration of the study, mass, service life, and operation time of the machinery are presented in Table 3 .
In Orchard 1, for the variant without windrowers operation, the cumulated DE input was 294.2 MJ·ha −1 (165.5 MJ·t −1 DM), whereas IDE input was 92.0 MJ·ha −1 (51.7 MJ·t −1 DM). For operation with windrowers, the cumulated DE input was 388.0 MJ·ha −1 (174.1 MJ·t −1 DM), whereas the IDE input was 111.7 MJ·ha −1 (50.1 MJ·t −1 DM).
Similar results were obtained in Orchard 2. For operation without windrowers, the total DE input was 254.1 MJ·ha −1 (157.7 MJ·t −1 DM), and the IDE input was 77.8 MJ·ha −1 (48.3 MJ·t −1 DM). For operation with windrowers, the cumulated DE input was 360.5 MJ·ha −1 (167.9 MJ·t −1 DM), whereas IDE input was 99.8 MJ·ha −1 (46.5 MJ·t −1 DM).
From an energy point of view, the energy outputs for the evaluated variants were crucial (Table 4) . Without the windrowers, the EOF gained in Orchard 1 and Orchard 2 was ca. 12.8 TJ and 11.7 TJ, respectively. Applying the windrowers to the baler, the EOF for Orchard 1 was slightly above 16.0 TJ and for Orchard 2 was roughly 15.5 TJ.
Based on the obtained data, other energy indexes were calculated as shown in Table 5 . The EB of pruning to energy strategy (PtE) was positive for both systems and varied from 28.86 to 39.57 GJ·ha −1 . However, higher values were related to the variants with operated windrowers. Important also is the EIS index, which was very low (below 2%). As a consequence, the EROI factor was substantial for all cases (above 80). The EP and EI during biomass harvesting in the apple orchard without windrowers were 8.57 kgFM·MJ −1 and 116.7 MJ·t −1 FM, respectively, for Orchard 1. The use of windrowers in Orchard 1 caused a drop in the EP factor (8.31 kgFM·MJ −1 ), but an increase in the EI factor (120.4 MJ·t −1 FM). A similar correlation was obtained for Orchard 2. 
Cost Analysis
For the operation variant without windrowers, the harvesting and baling costs calculated for one hectare in the considered apple orchard were €48.93 ha −1 for Orchard 1, and €41.52 ha −1 for Orchard 2 (Table 6 ). In case of the variant with windrowers, these costs were €60.97 ha −1 for Orchard 1 and €54.87 ha −1 for Orchard 2. Relating the harvesting costs to the pruning biomass yield, the values for operation without windrowers were slightly higher in comparison to the variants with incorporated windrowers. For Orchard 1 (Orchard 2), these values amounted to €14.78 t −1 FM (€14.37 t −1 FM) and €14.69 t −1 FM (€14.25 Mg −1 FM). The application of windrowers also has financial consequences. For example, the net profit from one hectare in Orchard 1 was €111.0 ha −1 (without windrowers) and €139.6 ha −1 (with windrowers). Notably, the costs related to storage and transport were excluded from this analysis.
Discussion
Without windrowers, the pruning biomass yield in the investigated orchards was 3.31 tFM·ha −1 (Orchard 1) and 2.89 tFM·ha −1 (Orchard 2), which was achieved at ca. 40% of harvesting losses. These high harvesting losses were caused by the very narrow range of the baler operation, limited to a width of only 1.75 m. The application of windrowers resulted in an increase in the operation range to 3.4 m, leading to an improvement in the harvesting process and a considerable decrease in harvesting losses in both apple orchards to a level of ca. 20%. As a result, the PB increased significantly to a value of 4.15 tFM·ha −1 (Orchard 1) and 3.85 tFM·ha −1 (Orchard 2). These values are higher than the average pruned biomass potential (3.50 tFM·ha −1 ) determined for apple orchards in Poland, which is the third largest apple producer in the world [44] . High pruned biomass potential is very important in terms of PtE strategy as it makes this technology attractive for farmers. The pruning residues from apple orchards are characterized by a satisfactory energetic potential. The determined lower heating value for the pruned biomass samples was ca. 18.00 MJ·kg −1 DM, which is a typical value for wood residues from permanent crops, like vineyards or olive pruning [45] .
However, the use of windrowers caused an increase in fuel consumption by the machine set as well as the operation time required to harvest one hectare of apple orchard. This increase occurs because, for the machinery to collect more cut branches from a wider area, the machine must move slower to enable the windrowers to forward the material into the pick-up system of the baler. Similar observations were made by other researchers during miscanthus harvesting using baling technology [46] . Consequently, the operation time extended from 1.09 SMH·ha −1 to 1.32 SMH·ha −1 (Orchard 1) and from 0.92 SMH·ha −1 to 1.18 SMH·ha −1 (Orchard 2). As a result, this index increased by more than 21% and 28%, respectively. Higher operation time values achieved for Orchard 1 in comparison to Orchard 2 additionally confirm this correlation as Orchard 1 had a higher pruning biomass production, as shown in Table 2 . Larger amounts of harvested biomass influenced the baler loading as more power was required to press the branches in the rolling chamber. This resulted in higher fuel consumption by the tractor (Table 3) , which propelled the baler through the power take-off (PTO).
These parameters affect both the direct EIF required during the harvesting process in an apple orchard and the EOF represented by the energy accumulated in the collected biomass. Considering these dependences, it is crucial to estimate if the pruning harvesting process (without windrowers) is characterized by a positive or negative EB, as well as if the use of windrowers has additional energy benefits for the PtE strategy.
The performed calculations revealed that the total energy balance is positive for both operation variants, with and without use of windrowers. Contrarily, if the pruning biomass is left on the field and is consequently mulched, the EB is negative [32, 38] . However, the variants using windrowers were characterised by higher EB values. In the considered cases, the increase was 25% in Orchard 1 and 33% in Orchard 2. More energy accumulated in the total amount of harvested biomass in comparison to the additional energy employed in fuel and lubricant for powering the tractor and the baler. This correlation is confirmed by a very low EIS index that was slightly above 1% and a high EROI index exceeding a value of 80. Other indexes, such as EP and EI, were also satisfactory. The achieved results promote harvesting activity for energy purposes and are in line with recommendations of other researchers [38, 47, 48] . It must be underlined that the EB value in this study only includes the harvesting and baling process in the orchards (Figure 3 , boundary conditions of the analysis). Other energy inputs related to storage or delivery of biomass to final consumer should be considered. Regardless, according to previous studies [32, 38] , the cumulated EB factor of the entire logistics chain will be greater than from mulching, which is characterized by a negative EB. When using windrowers, this difference will be even greater. In comparison to harvesting and chipping process (an alternative option), the EB value from harvesting and baling is higher [38] .
As the use of windrowers affects two opposing parameters in the energy balance (fuel consumption and pruning biomass yield), a sensitivity analysis was performed in order to determine which parameter is more important concerning the energy benefits. A change in the biomass yield influences both the power demand and the fuel consumption. So, based on the test data from the investigated orchards, a fuel consumption coefficient for the tractor of 0.1 dm 3 per 0.1 tFM·ha −1 for additional harvested biomass was assumed. The results proved that fuel consumption variations during harvesting process are not as crucial as the pruning biomass yield in terms of EB (Figure 4) . From an energy point of view, a significant decrease in PB (-50%) maintained the EB positive (EB was still ca. 20 000 MJ·ha −1 ). Apart from energy considerations, the economic aspects are essential for the introduction of PtE schemes. The analysis indicated that for both orchards, the hourly operation costs were the same, at ca. €46 SMH −1 . This cost seems to be high, as the common management of pruning residues with the use of a mulcher attached to a tractor is usually 15-20% lower [32] . However, the baling technology is cheaper than a chipping system, whose costs are estimated to be roughly €65 SMH −1 [38] . Considering the operation costs related to one hectare of apple orchard, the difference between the variants with and without windrowers is significant. The use of windrowers increased the harvesting costs of one hectare by 23% in Orchard 1, and by 30% in Orchard 2. The main reason for this was the longer operation time required to harvest the pruning residues from one hectare, which is related to labor and variable costs [49] . However, the use of windrowers increases the PB, which leads to higher cash flows from pruning residues selling. Due to the improved harvesting process with the use of windrowers (more biomass harvested) and the relatively high price of dry biomass (€90 t −1 DM), the additional harvesting costs are outweighed by higher incomes for the windrowers scenarios, amounting to an additional €29-35 t −1 DM.
Notably, we did not consider the whole logistic chain; however, the harvesting process is the most energy-and costs-consuming among all the steps (harvesting, storage, short transportation distance) [32, 38] . Therefore, the improvement in the harvesting process efficiency is a key point to increase the energetic balance, economic value, and environmental profits, which have been an area of interest in other studies related to this issue [50] [51] [52] .
The environmental aspect, besides the energy and economic profits, is a significant added value in terms of sustainable use of bioenergy. The pruned biomass use for energy purposes contributes to a decrease in CO 2 emissions. The CO 2 emission factor from bituminous coal combustion is 94.7 kg·GJ −1 [53] . Assuming the combustion efficiency in biomass heating boilers (0.92) and a LHV of 18.0 GJ per ton dry mass of pruned biomass, the avoided gross CO 2 emission is 1568 kg·t −1 DM. As the difference in PBs between the two considered variants (with and without windrowers) were determined at 0.45 tDM·ha −1 per year (Orchard 1) and 0.54 tDM·ha −1 per year (Orchard 2), the equivalent of additionally-avoided CO 2 emission for Orchard 1 would be ca. 705 kg·ha −1 per year, and ca. 846 kg·ha −1 per year for Orchard 2.
Conclusions
Pruning biomass harvested from apple orchards can be a new alternative regional energy source if the energy balance is positive and the operation costs are economically justified. Among the entire logistics chain for the PtE strategy, the harvesting step is the most energy consuming. However, the pruning biomass yield depends on many factors, including the machinery construction. To improve the energy efficiency and energy balance of that operation, different measures can be applied. One of the opportunities is the use of windrowers during harvesting in apple orchards, which was the focus of this paper. The achieved results provide new data about the energy balance, productivity, pruning biomass yield, and economic aspects of this process. The investigated harvester (baler), equipped with additional windrowers, increased the collection width by a factor of two and proved to be suitable for recovering wood biomass from apple orchards, producing a solid biofuel of good quality, suitable for energy production in middle size boilers.
Due to the increased operation range of the harvesting machinery, more branches were collected, reducing the harvesting losses and significantly increasing the PB and the EOF. As a consequence, the EB index was improved by ca. 25%. The financial profits were higher by at least 20%. The outcome of the sensitivity analysis revealed that the effort to increase the pruning yield is important in terms of EB. However, the results should be treated with care, as boundary conditions excluded the storage and transport steps. Nevertheless, the advantages of windrower application was proven, providing clear direction for the improvement of the effectiveness of the harvesting procedure in the apple orchards or other plantations.
In addition to the improved capacity of the harvesting technology, the use of windrowers causes a CO 2 reduction, as more biomass may be delivered to the local market, increasing the share of renewables in the energy mix, thus replacing fossil fuels.
However, some aspects could still be improved or need further research, namely the optimization of passing speed in the orchard by the machinery. Also, the minimal pruning yield to maintain a positive energy balance as well as the economy of whole logistic chain have yet to be assessed. The correlations between the other machine settings and characteristics of the orchard/branches on the energetic consequences, and fuel consumption or pruning quality resulting from windrowers use are unknown. The efficiency of the windrowers operation in stony fields and under wet soil conditions is interesting from a practical point of view as well.
